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were saturated due to capillary suction of sewage on the coupon surface. The effect of 23 temperature on corrosion activity varied and possibly the acclimation of corrosion-inducing 24 microbes to temperature mitigated effects of that factor. It was apparent that biological 25 sulfide oxidation was not the limiting step of the overall corrosion process. These findings 26 provide real insights into the long-term effects of these key environmental factors on the 27 sewer corrosion processes. 28 M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT exposed pipe surface (sides and crown), followed by the biological oxidation of H 2 S and the 66 production of sulfuric acid (Parker, 1945a; b; 1947; Pomeroy and Bowlus, 1946) , which is 67 responsible for the corrosive attack on the concrete (Islander et al., 1991; Ismail et al., 1993) .
Pomeroy model can be used to calculate the deterioration rate of concrete sewer pipes based 113 on equation 1 (Pomeroy, 1990) : 114
(1) 115
Where C r = corrosion rate (mm/year); k = factor related to the acid formation, based on 116 climate conditions, 0.8 in moderate climates; φ sw = sulfide flux at the air-wall interface [g 117 H 2 S/(m 2 hr)]; and alk = alkalinity of the pipe material (g CaCO 3 /g concrete). 118
In sewers, water and nutrients provided by sewage are found to promote the microbial 119 corrosion, especially for the area close to the water level in a sewer pipe (Mori et al., 1992) . 120
For the pipe surface further away from the water level, the relative humidity of the sewer air 121 and the condensation process on the concrete surface would generate a water film for 122 microbial growth. Previously, it was reported that humidity plays a role in surface 123 neutralization at the early stage of sewer concrete corrosion (Joseph et al., 2012) . However, 124 there is a lack of understanding of the specific role humidity plays in the long-term 125 development of sewer concrete corrosion. 126
Short-term changes of temperature are typical for sewer systems and the interactions between 127 sewer systems and receiving water (Vollertsen et al., 1999) . One important process for sewer 128 concrete corrosion is the air-water transfer of hydrogen sulfide, which was found to increase 129 with increasing temperature (Yongsiri et al., 2004) . It is widely accepted that the sulfide 130 oxidation rate, both chemically and biologically, increases with temperature, which can be 131 This study aims to enhance the understanding of the correlation between the initiation and 138 development of sewer corrosion and the sewer environmental factors including H 2 S 139 concentration, relative humidity and temperature. In particular, we aim to determine how the 140 corrosion rates are affected by these key environmental factors. Using precorroded concrete 141 coupons exposed to thirty-six separate conditions in well-controlled laboratory chambers that 142 simulate conditions typically found in various sewers (six levels of H 2 S concentration, two 143 levels of relative humidity (RH) and three levels of temperature), the change of surface 144
properties and formation of corrosion products were measured. In particular, the mass losses 145 due to corrosion after different exposure times (up to about 3.5 years) were determined using 146 advanced photogrammetry. The results delineate the temporal development of corrosion 147 under different sewer environments. 148
Material and Methods

149
Concrete coupons
150
The coupons were prepared from corroded concrete sewer slabs obtained from Sydney Water 151 Corporation, Australia. Coupon dimensions were approximately 100 mm (length) × 70 mm 152 (width) × 70 mm (thickness). After cutting, the coupons were washed in fresh water to 153 remove any existing corrosion products and surface contamination. Washed coupons were 154 then dried in an oven (Thermotec 2000, Contherm) at 60 °C for 3 days to achieve similar and 155 stable initial water content (Joseph et al., 2010) . 156
One of the original surfaces of the coupons, i.e. the internal surface of the pipe, was 157 designated as the surface to be exposed to H 2 S. After cutting, the coupons were embedded inM A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT stainless steel frames using epoxy (FGI R180 epoxy & H180 hardener) with the steel frame 159 providing a reference point for determining the change in thickness due to corrosion (Jiang et 160 al., 2014). As described in section 2.2, the frame-enclosed coupons were used in the gas-161 phase exposure. In addition, the same number of concrete coupons without enclosures were 162 partially submerged in real sewage in the corrosion chambers (Figure 1) . 163
Corrosion chamber and exposure condition
164
Thirty-six identical corrosion chambers were constructed to achieve a controlled environment 165 simulating that of real sewers (Table 1 ). The controlled factors include combinations of three 166 gas-phase temperatures (17 °C, 25 °C and 30 °C), two levels of RH (100% and 90%) and six 167 H 2 S levels (0 ppm, 5 ppm, 10 ppm, 15 ppm, 25 ppm and 50 ppm). The RH is sensitive to 168 temperature and the low RH (90%) is fluctuating between 85% and 95%. Temperature and 169 H 2 S variations are within 1 °C and 2 ppm, respectively. 170 (Approximate position of Table 1 ) 171
The chambers were constructed of glass panels of 4 mm thickness. The dimensions of the 172 chambers were 550 mm (L) × 450 mm (D) × 250 mm (H) (Figure 1 ). Each chamber 173 contained 2.5 L of domestic sewage that was collected from a local sewer pumping station 174 and replaced every two weeks. Six coupons enclosed in frames were exposed to the gas phase 175 within the chambers with the exposed surface facing downwards approximately 110 mm 176 above the sewage surface (Figure 1 ). These gas-phase concrete coupons were named as GPC 177 coupons for the purpose of discussion. This coupon arrangement simulated the sewer pipe 178 crown, a location which is reported to be highly susceptible to sulfide induced corrosion 179 shown in the typical daily profiles of H 2 S concentration, gas temperature and relative 207 humidity ( Fig. SI-1) , the corrosion chambers were well maintained at the designated 208 conditions. 209
Periodically, at intervals between 6-10 months, one set of coupons (one gas-phase coupon 210 and one partially-submerged coupon) were retrieved from each corrosion chamber for 211 detailed analysis. A standard step-by-step procedure of methods has been employed to 212 measure surface pH, followed by sampling for sulfur species and then photogrammetry 213 analysis (thickness change). 214
Corrosion sampling and analysis
215
A flat surface pH electrode (Extech PH150-C concrete pH kit, Extech Instruments, USA) was 216 used to measure the coupon surface pH. The pH meter was allowed to reach steady reading 217 after contacting the electrode with the measuring spots wetted by about 1 mL of milliQ water. 218
Four measurements were made on randomly selected spots on the coupon surface to 219 determine an average value. 220
After measuring the surface pH, the exposed surface of concrete coupons was washed using a 
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Five photos for each coupon were taken to measure the coupon thickness after washing using 227 photogrammetry (Wells et al., 2009) . A 3D image of the exposed surface for each coupon 228 was generated to calculate the surface height of the coupon relative to the stainless steel 229 frame as the reference plane. The decrease in thickness after certain exposure time was then 230 calculated by subtracting the average thickness after washing from the average thickness 231 before exposure. This technique not only enables an accurate change in coupon thickness to 232 be determined irrespective of the surface roughness but also provides a detailed record of the 233 spatial distribution of the losses that occurred. 234
Data analysis
235
As the concrete coupons used in the study were previously corroded, the initial corrosion 236 rates, i.e. the first year, may be different from the long-term rates during later stages. 237
Different corrosion rates were thus calculated separately using the corrosion loss (i.e. 238 decrease of average coupon depth) data for exposure times between 0-12, 12-24, and 24-35 239 months, respectively. The estimated corrosion rates were subsequently analyzed to identify 240 the controlling environmental factors of the corrosion processes. 241
First, regression tree models (R ver 3.03, http://www.R-project.org/) were used to find out 242 which of the three environmental factors were important (exploratory analysis). Tree models 243 were used as they can give a clear picture of the structure in the data and they can 244 automatically accommodate complex interactions between explanatory variables. Recursive 245 partitioning, that successively splits the data by the explanatory variables (i.e. H 2 S 246 concentration, relative humidity and gas temperature), was used to distinguish groupings in 247 the corrosion rates. To further investigate the importance of each environmental factor for the 248 corrosion rates at different corrosion stages, statistic models with all three factors were 249 M A N U S C R I P T
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analyzed using analysis of variance in R. These maximal models were then simplified by 250 backward selection to get minimal adequate models (MAM). 251
Results and Discussion
252
Surface pH
253
It was seen that the surface pH of the GPC coupon exposed to 0 ppm H 2 S stayed around the 254 original level of 8 for both humidity levels (Figure 2) . Similarly, the PSC coupons exposed to 255 0 ppm H 2 S, had surface pH remaining around initial levels of 7-8 at both humidity levels. 256
Initial pH of fresh concrete is usually 11-12, which can be reduced to around 10 by 257 carbonation. Further lowering of the surface pH occurs partially by H 2 S itself and then more 258 substantially by the sulfuric acid produced by biological oxidation of H 2 S (Joseph et al., 259 2012). Consequently, these precorroded concrete coupons had reached reduced pH levels, 260 indicating that they had experienced corrosion attack by sulfuric acid. 261 (Approximate position of Fig. 2 ) 262
The starting pH around 8 implies that the concrete surface was already suitable for the growth 263 of neutrophilc sulfide-oxidizing bacteria (Islander et al., 1991) . For GPC concrete coupons at 264 100% RH, all coupons reached about pH 4 after 12 months of exposure. At this acidic pH the 265 concrete was suitable for the succession of acidophilic sulfide-oxidizing bacteria. Higher 266 levels of H 2 S achieved faster reduction of surface pH (Figure 2 ). It is evident that GPC 267 coupons exposed to 50 ppm reached pH 4 after 6 months exposure while the surface pH of 268 other H 2 S levels more or less achieved the same pH after longer exposure time. For GPC 269 coupons at 90% RH, the surface pH reduction was 1-2 unit less compared to 100% RH in 270 many instances. This implies that humidity levels are crucial for the pH reduction, which is 271 M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT mainly due to the biological sulfide oxidation. No clear effects of temperature on surface pH 272 of GPC coupons could be visually determined from the data. 273
The surface pH of nearly all PSC coupons exposed to H 2 S gas experienced a first sharp drop 274 at 6 months of exposure, reaching a relatively steady value of pH 3-4 (Figure 2 ). This 275 suggests that corrosion-inducing acidophilic microorganisms were established on these 276
coupons within a few months after being placed into the corrosion chambers. Likely the 277 wastewater provides sufficient moisture, nutrients and inoculum for the succession of 278 corrosion biofilms. These coupons then experienced another drop in surface pH after 279 remaining semi-steady up to around 25-26 months exposure. After 34 months exposure, a 280 surface pH around 2 was achieved on coupons exposed to 15-50 ppm. The data did not reveal 281 any difference of surface pH among the two different RH levels and the three temperature 282 levels. Overall, all coupons surface pH was lowered to similar levels to between pH 2 to 4, as 283 long as some level of H 2 S gas was present. No clear effects of temperature on sulfate were found for the different conditions. It is clear 298 that the sulfate concentration on the PSC coupons was about 2-3 times higher than that 299 measured on the surface of the GPC coupons. No significant difference was detected for the 300 PSC coupons at the two relative humidity levels. This is reasonable considering the PSC 301 coupons were partially submerged in wastewater, which would effectively saturate much of 302 the exposed surface of these coupons though capillary draw up of water from the wastewater. 303
Corrosion losses of concrete coupons
304
About 2 mm of corrosion loss (thickness decrease) was detected for nearly all coupons 305 exposed to 0 ppm H 2 S (Figure 4 ). This corrosion loss is likely due to previous corrosion 306 before being placed into the corrosion chamber. Although the loose corrosion layer was 307 removed during the coupon preparation, it appears that an additional residual corrosion layer 308 remained on the coupon surface and was mobilized during the 4 years of exposure in the 309 highly humid chambers. Likely, this mobilization also caused the high levels of sulfate 310 detected on the 0 ppm coupons, i.e. 50-100 gS/m 2 ( Figure 3) . 311
In the presence of H 2 S, the corrosion loss was around 2-8 mm for GPC coupons at 100% RH, 312
with some cases reaching 6-8 mm at high H 2 S concentrations (10-50 ppm) (Figure 4 The PSC coupons exposed to 0 ppm H 2 S show corrosion losses of around 2 mm, similar to 320 the GPC coupons, and this was consistent throughout the exposure period. PSC coupons 321 exposed to 5-50 ppm of H 2 S showed higher corrosion losses, ranging from 3 mm at 5 ppm of 322 H 2 S to 15 mm at 25 and 50 ppm of H 2 S. In comparison to GPC coupons, the corrosion loss 323 was about 1-2 times higher for the same exposure conditions (Figure 4 ). This could be 324 explained in that the PSC coupons continuously obtained nutrients and moisture from the 325 wastewater, and this led to more active biological acid generation and corrosion. 326
For PSC coupons exposed to high H 2 S at 25 ppm (90% RH) and 50 ppm (both 90% and 100% 327 RH), very high corrosion loss was detected at 12-18 months while similar or lower values 328
were measured in later analysis. This could possibly be due to the corrosion layer periodically 329 providing a protective barrier that lowered corrosion activity. This occurred especially when 330 the corrosion loss was >10 mm, this suggesting a corrosion layer of 20-40 mm thickness 331 when considering the expansive nature of gypsum and ettringite. A thick corrosion layer 332 could retard the diffusion of sulfuric acid through this layer to the intact concrete core. 333
Consequently, it is apparent that diffusion is the limiting factor of the corrosion process. 334
Although it is suggested that biogenic corrosion tends to occur throughout the whole 335 corrosion layer (Monteny et al., 2000) , other reports indicate that SOB mainly reside in the 336 outer parts (1.5 mm) of the corrosion layer due to transport limitations of H 2 S and oxygen 337 (Okabe et al., 2007) . 338
Concrete coupon corrosion rate
339
Corrosion rates were determined over three time periods within the 45 month exposure for 340 the GPC and the PSC coupons (Figures 5 and 6 ). For the GPC coupons the corrosion rates in 341 the first 12 months were more or less similar at 2-3 mm year -1 for the different H 2 S 342 M A N U S C R I P T
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concentrations ( Figure 5 ) (significance p-value p=0.6, Table SI-1). However, trends of 343 increasing corrosion rates were evident with increasing H 2 S levels during the latter two 344 exposure periods (Figure 5 ), implicating the importance of this factor on corrosion rates. Also, 345 there seems to be a clear difference between the two levels of relative humidity (p=0.03) with 346 higher corrosion rates at the higher humidity. In contrast the effects of gas temperature on 347 corrosion rates were not evident (p=0.7). It was seen that initial corrosion rates were higher 348 than those measured during the latter exposure periods of 12-24 and 24-45 months. These 349 apparent high rates may be due to loss of previously corroded residual layers (as mentioned -5 , 1.5×10 -6 , and 6.4×10 -7 . This 370 confirms that H 2 S is a key controlling factor of the corrosion rates over periods of long term 371 exposure in sewer conditions. For the PSC coupons the other two factors were not significant. 372 This is understandable as these coupons were partially submerged and thus humidity would 373 not play such a role on the water content in the corrosion layer. It can be concluded that the 374 corrosion rate for PSC coupons was primarily controlled by the H 2 S concentrations. The 375 same applies to the GPC coupons, although humidity also plays a significant role to provide 376 moisture content at the GPC coupon surface via vapor condensation. 377
For the GPC and PSC coupons, minimum adequate models (MAM) were identified through 378 the backward selection processes which drop one explanatory factor for the corrosion rate relationship between the SOR and relative humidity is not that well defined. It is assumed 384 that the SOR is proportional to the water content in the concrete because water is essential for 385 possible biological and chemical reactions. The water content can be estimated from the 386 relative humidity using a Brunauer-Emmett-Teller (BET) sorption isotherm (Xi et al., 1994) . 387
Based on these considerations and the statistical analysis, the following models were 388
proposed to estimate corrosion rates. 389 PSC:
(2) 390
Where C r is the corrosion rate (mm year -1 ); is the gaseous H 2 S concentration; k and n 392 are model constants to be estimated from the experimental data. C ri represents the corrosion 393 caused due to previous exposure.
is a BET sorption isotherm. For the GPC model, 394 only two levels of relative humidity have been examined in the experiments, making it 395 impossible to validate this model. However, the PSC model was examined by curve fitting 396 with the experimental data (Figure 7) . It adequately described the relationship between 397 corrosion rates and H 2 S concentrations. 398 (Approximate position of Fig. 7 ) 399
In real sewers, the H 2 S concentration shows high variation due to the sewage flow dynamics 400 and fluctuations of other environmental factors. When estimating the corrosion rate of sewer 401 systems, one possible way is to use the average H 2 S concentration in aforementioned models. 402
However, it must be recognized that the sulfide uptake rate, as an indicator of corrosion rate, 403
is not directly proportional to the H 2 S concentration (Sun et al., 2014 ). In addition, the H 2 S 404 concentration in the sewer atmosphere is determined by the balance between H 2 S release 405 from the wastewater and H 2 S absorption by the corroding concrete, assuming negligible loss 406 of H 2 S to the atmosphere. The biological sulfide oxidation in the corrosion biofilms might 407 also be affected by the H 2 S fluctuation, in terms of the microbial community, its activity and 408 final products of sulfide oxidation. Further research is needed to delineate the corrosion rate 409 in sewers with fluctuating H 2 S concentration. 410
Conclusions
The importance of environmental factors that may contribute to the corrosion of concrete 412 sewers was evaluated through long-term exposure tests in corrosion chambers simulating real 413 sewers. This has led to the following key findings: 414
•
Surface pH on concrete coupons was reduced by 3-4 units within months, 415 suggesting a rapid (re-)establishment of corrosion biofilms. This led to significant 416 sulfate levels detected in corrosion layers on concrete coupons, with concentrations 417 of partially-submerged coupons twice as high as that of coupons located in the gas 418 phase, for the same level of H 2 S exposure. 419
• After 3.5 years of exposure to H 2 S, corrosion loss on coupons located in the gas-420 phase was limited to 2-8 mm and 100% RH coupons lost 1-2 mm more than 421 coupons exposed to 90% RH. In contrast, the partially-submerged coupons showed 422 much higher levels of corrosion, i.e. between 3-15 mm after 45 months exposure. 423
• H 2 S is a key factor determining the concrete corrosion rates during long-term 424 exposure to sewer conditions. High relative humidity led to increased corrosion rates 425 on coupons located in the gas-phase, but did not affect the rate of the coupons 426 partially submerged in wastewater. No clear effects of temperature were observed 427 for surface pH, sulfate and corrosion loss. 428
• Two models to predict corrosion rates were established and validated for concrete at 429 the sewer crown and for concrete in the vicinity of the wastewater level in the sewer. respectively. Filled and empty symbols are for 100% and 90% relative humidity respectively. 590 respectively. Filled and empty symbols are for 100% and 90% relative humidity respectively. 599 Figure 5 . Box-plots of corrosion rates of gas-phase concrete coupons related to H 2 S 600 concentration, relative humidity and gas temperature in the corrosion chambers. Plots in the 601 three rows are for corrosion rates during 0-12, 12-24, and 24-45 months, respectively. 602 M A N U S C R I P T
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Figure SI-1. Trees for the corrosion rates of gas-phase coupons during their exposure tests between 0-12, 12-24, and 24-45 months (from left to right). The expressions at each branch node are the splitting factor and the levels. E.g. H 2 S<2.5 means the corrosion rates can be partitioned into two groups by different H 2 S levels. The left branch is the data for H 2 S<2.5 ppm and the right is for H 2 S >=2.5 ppm. The numbers at the end of each branch are the mean values for the corrosion rates in that group. The analysis shows that H 2 S and RH are the explanatory factors identified to be responsible for the difference in the corrosion rates. 
